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Model calibration is important as its functions improve building models. A 
calibrated model of the TxAIRE Houses #1 and #2 have been developed using the 
OpenStudio software. The model was developed and calibrated with data of the year 
2014 but can be used predict electricity consumption of any year.  
An actual meteorological year (AMY) weather file was also created for the houses 
which was used for calibration. The data used to develop this weather file were measured 
on-site which improved the accuracy of the model. It was found that an error difference 
of -1.0 % and -4.2 % occurred between the Texas Allergy, Indoor Environment and 
Energy (TxAIRE) weather file and weather file acquired from Weather Analytics and 
EnergyPlus websites respectively. 
Simulation results from both houses were compared to the measured utility bill 
data for 2014. The energy variables simulated are total house energy consumption, 
outdoor unit energy consumption, air handler unit energy consumption and internal 
electric load energy consumption. Also, temperature in the attic and the temperature of 
the house (living room) were compared. Results of calibration for House #1 produced 
v 
 
quality parameters normalized mean bias error (NMBE) of -0.14 and coefficient of 
variation of the mean bias error (CVRMSE) of 23.51. For House #2, an NMBE of 0.79 
and CVRMSE of 7.59 were obtained. Both calibration values meet the accepted tolerance 
for calibration as set out by ASHRAE.
vi 
 
Chapter 1 
Introduction and General Information 
 Building energy modelling is the representation of a building by a model allowing 
prediction of the building energy performance and computing potential energy saving.  It 
can be used to optimize design solutions during design stage as well as advanced model-
based building controls and life-cycle performance. Models can be used to analyze 
building designs and identify cost-optimal efficiency and renewable energy technology at 
various levels of whole-building energy savings. For example, during a Level III energy 
audit, energy models are used to simulate energy use and compared to actual utility bills. 
 The Building Energy Software Tools web Directory (BEST-D) [1] managed by 
the International Building Performance Simulation Association (IBSA-USA) provide 112 
software programs that can be used for Whole-building Energy Simulation, Load 
Calculations, Heating Ventilation and Air-Conditioning (HVAC) System Selection and 
Sizing, Parametrics and Optimization, Model Input Calibration, Energy Conservation 
Measures, Utility Bill and Meter Data Analysis, Weather Data and  Climate Analysis, 
Building Energy Auditing, Detailed Component Simulation, Indoor Air Quality, Life 
Cycle Analysis etc. 
 Among the tools found in this directory, OpenStudio [2] software was used to 
create and calibrate the energy model of the Texas Allergy, Indoor Environment and 
Energy (TxAIRE) Houses. OpenStudio is a free, open platform software product 
developed by National Renewable Energy Laboratory (NREL) of the U.S Department of 
Energy (DOE). The software has graphical interfaces such as OpenStudio SketchUp 
Plug-in, OpenStudio Application, ResultsViewer and the Parametric Analysis Tool along 
with a software development kit (SDK). ResultsViewer enables browsing, plotting, and 
comparing simulation output data, especially time series. The Parametric Analysis Tool 
enables studying the impact of applying multiple combinations of OpenStudio measures 
to a base model and export analysis results to the
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 Energy Design Assistance Program Tracker (EDAPT) software. Another important 
feature of OpenStudio is its application programming interface (API) which can be 
accessed by different scripting languages including Ruby and Python and OpenStudio 
itself can execute scripts written in these languages making the language very flexible. 
Scripts, also referred to as measures are used to automate energy conservation measures 
that can be applied to existing models. These measures as well as simulation content such 
as HVAC component descriptions, construction descriptions, weather files, standard 
schedules, etc. are stored in the Building Component Library (BCL) [3] database. The 
BCL allows measures and content to be vetted by and shared with a group or with the 
larger community. “The OpenStudio software was originally developed for EnergyPlus 
but now supports the energy simulation engine ESP-r, European Committee for 
Standardization (CEN) also approved as an international ISO standard (CEN/ISO) 13790 
annual and hourly energy calculations, the lighting engine Radiance, the Multizone 
Airflow and Contaminant Transport Analysis (CONTAM) Software, and the California 
Building Energy Code Compliance (for Commercial/Non-residential buildings) software 
(CBECC-Com)” [4]. 
 In order to obtain an accurate model to analyze a building’s performance, there is 
the need for calibration. Model calibration is the approach of modifying and adapting a 
model based on measured data to generate an updated model that can accurately reflect 
the actual building operation performance. In other words, calibration is a process of 
adjusting inputs and operating parameters on a trial and error basis until a program 
matches the measured data of an existing building. [5]. Calibration is important because it 
adds value to models by extending its function to the building life cycle [6]. An equally 
appropriate definition is calibrated simulation, which is the process of using an existing 
building simulation computer program and “tuning” or calibrating the various inputs to 
the program so that observed energy use matches closely with that predicted by the 
simulation program [7]. The process involves handling a large number of variables, 
which may cause the calibrated model to deviate from measured data.  
Since the development of calibrated models for the TxAIRE Houses is the main 
objective of this study, it is important to review some previous relevant studies dealing 
with calibration. They are as follows: 
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 A detailed literature review of papers dealing with calibrated simulation of 
building energy simulation programs has been published by Reddy [8]. He described 
various calibration studies in a logical structure and discussed the issue of uncertainty and 
its implications in the framework of both building design as well as calibrated simulation. 
Also, Fumo [9] presented an up-to-date review on the basics of building energy 
simulation which also includes a literature review on calibrated models, as well as 
summary on the topic of weather data for energy simulation. 
 Reddy et al. [10] later proposed a generalized methodology of calibrating 
simulation programs. They applied the method on three case study office buildings; two 
synthetic and one actual building. An audit of each building was performed and an initial 
model designed using input parameters specific to the building and corresponding HVAC 
type. A parametric analysis was then performed to determine several calibrated models 
for the building. Based on the various energy conservation measures proposed, a measure 
of the uncertainty in the result is obtained.  
 Pedrini et al. [11] developed a method to analyze building energy performance 
using computer simulation. The authors employed analysis of building design plans and 
documentation, walk-through visits, electric and thermal measurements and the building 
simulation DOE-2.1E code in their method. After the final step of calibration, the 
simulated results were close to the annual electric energy consumption in the order of  
0.2 %. 
 Sun and Reddy [5] proposed a general analytic framework for calibrating building 
energy system simulation programs having mathematical and statistical basis. Their 
approach was based on a four step approach: sensitivity analysis (identifying subsets of 
strong influential variables), identifiability analysis (determining the number of subsets 
that can be tuned mathematically, specifying best candidates), numerical optimization 
(determining numerical values of best parameter subsets), and uncertainty analysis 
(deducing range of variation of best parameters). They illustrated the methodology with 
the DOE-2 simulation program of an office building. 
 Raftery et al. [12] proposed an evidence-based methodology for calibrating whole 
building energy models using a five step approach. The approach involved:  
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a. Preparation(initial model, historical weather data, calibration data, 
documentation) 
b. Obtain readily accessible data and information 
c. Update model inputs ( zone-typing, constructions, HVAC and plant, internal 
loads) 
d. Error checking 
e. Iterative calibration process ( test model for acceptance, review outputs using 
visualization techniques, investigate possible further sources of information, 
update model) 
f. Perform energy conservation measure analysis 
For the case study, they employed EnergyPlus as the simulation tool and used a version 
control software to monitor and record changes during the calibration. The results 
obtained were in good agreement with measured HVAC consumption data with a mean 
bias error of -4.2% for HVAC electrical consumption and a cumulative variation of root 
mean square of 7.8%. 
 Clarke et al. [13] classified the calibration into four broad types: (a) calibration 
based on manual, iterative, and pragmatic intervention, (b) calibration based on a suite of 
informative graphical comparative displays, (c) calibration based on special tests and 
analytical procedures, and (d) analytical (mathematical) methods of calibration. The 
authors proposed a new methodology for the calibration of detailed simulation models to 
measured data using a systematic, evidence-based approach.  
 Coakley et al. [14] proposed an alternate approach for calibrating detailed 
simulation models to measured data combining evidence-based with a statistical Monte 
Carlo optimization technique in the following steps: 
a. Data Gathering/Building Audit refers to gathering building geometric data, 
weather data, HVAC systems specifications, and detailed load or occupancy 
schedules 
b.  Evidence-Based Building Energy Simulation (BES) Model Development refers 
to an initial construction of the model and an iteratively up to date version of the 
model based on information acquired on a continuous basis 
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c. Bounded Grid Search refers to a statistical calibration based on a Monte Carlo 
method to define range of variation for unknown input variables based on data 
classification 
d. Refined Grid Search (Optional) 
e. Uncertainty Analysis refers to the process of ranking the solutions based on 
statistical goodness-of-fit criteria since more than one solution may satisfy the 
objective function 
The author developed an evidence-based model using EnergyPlus which resulted in a 
GOF of 80.57% based on a ratio of 1:3. This ratio corresponds to the weighting assigned 
to coefficient of variation (WCV) and the weighting assigned to the normalized mean bias 
errors (WNMBE). The result reflects the level of detail of the building equipment and 
lighting audits. 
 Ryana and Sanquist [15] presented a narrative of validation of building energy 
models under idealized and realistic conditions. Validations under idealized conditions 
seek to validate the coupled physics of the models and the engineering assumptions. In 
idealized cases, test cells are often modelled. A test cell is an experimental arrangement 
used to isolate the effects of specific building features in order to define the prediction of 
different parameters by the model and how the parameters are correlated with each other. 
In realistic validation studies, building energy models are compared to metering and 
auditing data. In this type of validation, not only the physics behind the model is sought, 
but also the methods used to account for the occupants and their behaviour. Generally, 
realistic validation methods attempt to verify the accuracy of building energy models 
under a variety of conditions where the effects of the occupants need to be included in the 
model. 
 Simulated results of energy models may not perfectly match measured data to 
modelling errors and uncertainties encountered. According to De Wit and Augenbroe 
[16], there exist two sources of uncertainty in the analysis of a calibrated model. The first 
one is denominated uncertainty parameters and relates to a lack of information on the 
exact characteristics of the building. The second one is the modelling uncertainty that 
arises from simplifications and assumptions that have been introduced in the 
development of the model. 
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 Chapter one of this research will cover the background of modelling residential 
energy consumption and the scope of study. In chapter two, engineering modelling 
approaches will be discussed, particularly the OpenStudio software which will be used 
for simulation. Chapter three talks about the research facility and chapter four explains 
the types of weather files available and an approach to create an AMY weather file for 
the TxAIRE House. The model development and calibration process is carried out in 
chapter five and six respectively, and chapter six discusses best practices for comparing 
approaches and recommendations for energy model development.
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Chapter 2 
 Research background (Modelling Approach) 
  According to the 2009 ASHRAE Hand Book [17], there are two approaches for 
energy modelling. They are the forward (or classical) and data driven approach. In 
forward (or classical) approach, the output variables of models can be predicted using 
mathematical equations with knowledge of input variables. The more complex the model 
is, the better it is to predict the system behaviour. Forward modeling is based on energy 
simulation programs that use accurate weather data and detailed physical description of 
the building system. For example, specifying building geometry, geographical location, 
physical characteristics (such as wall material and thickness), type of equipment and 
operating schedules, type of HVAC system, building operating schedules, plant 
equipment, etc. Energy consumption of the building is then simulated using this approach 
to imitate an actual building. The program uses either analytical or numerical solution 
methods. The primary benefits of this method are that it is based on sound engineering 
principles and widely used by simulation programs such as EnergyPlus, ESP-r, TRNSYS, 
and e-QUEST. The data-driven approach is the inverse of the classical approach where 
known (or measured) input and output variables are used to determine mathematical 
description of a system and estimate system parameters. The source of the known 
variables is a performance data point which is either nonintrusive or intrusive. Intrusive 
data allows more accurate model specification and identification. They are gathered 
under planned experiments on a system to derive a system response under a wider range 
of system performance than would have occurred under normal system operation. 
Nonintrusive data is obtained under normal operation when constraints on system 
operation do not permit controlled experiments to be performed. Data-driven modeling 
often allows identification of system models that are not only simpler to use but also are 
more accurate predictors of future system performance than forward models. 
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A better understanding of building energy modelling and prediction of energy 
performance can be gained by looking at Foucquier et al. [18] and their explanation of 
modelling methods. The authors categorized physical models (or white box) into a 
computing fluid dynamics (CFD) approach, zonal approach and multi-zone (or nodal) 
approach. The CFD is a microscopic approach of the ventilation modelling that allows 
one to describe a flow field in details. Zonal approach is a way to describe the indoor 
environment and to estimate a zone thermal comfort. The multizone approach considers 
properties defining the thermodynamic state of each building’s thermal zone to be 
homogeneous over the entire volume. The authors also presented black box or machine 
learning tools such as multiple linear regression or conditional demand analysis, genetic 
algorithm artificial neural network and support vector machine for predicting energy 
consumption, heating (or cooling) demand and indoor temperature. The grey box or 
hybrid method uses both physical and statistical techniques. 
To further expand an understanding of the data driven approach, Pedersen [19] 
categorized this method into engineering, statistical and intelligent computer systems. 
The engineering method also known as the forward approach has been described above. 
Statistical approach is a linear or multivariate regression analyses of large amounts of 
hourly metered energy consumption data. The analysis also gives indication of the quality 
of the correlation between various energy consumption measures, and climatic 
parameters such as load and outdoor temperature. Examples of estimation methods based 
on statistical methodology and regression analyses are computational demand analysis, 
the Finnish load model and energy-signature. Intelligent computer systems are developed 
based on machine learning algorithms that make decisions based on an interpretation of 
data and a selection among alternatives. Another form of expert system is the artificial 
neural networks (ANNs) trained to recognize patterns presented in a set of data and then 
make predictions based on new patterns. ANNs are appropriate for load and energy 
estimations because they can handle incomplete data from metered energy data and some 
climatic parameters. 
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Chapter 3 
Research Facility 
The Texas Allergy, Indoor Environment and Energy (TxAIRE) Institute [20] was 
created to be a catalyst for the identification, development, demonstration, evaluation and 
promotion of technology products that improve the energy efficiency and indoor 
environmental quality of buildings. The research and demonstration houses (TxAIRE 
Houses) were designed to serve as realistic test facilities for developing and 
demonstrating new technologies related to energy efficiency, indoor air quality, and 
sustainable construction materials and methods. The two houses are located on The 
University of Texas at Tyler Campus in Tyler, Texas and were built in 2010. The facility 
demonstrates a wide range of energy efficiency renovation features but the over-arching 
goal of the TxAIRE Houses project is to demonstrate that net-zero energy performance 
can be achieved at a cost that is competitive with conventional house construction. 
The two houses can be seen in Figures 1 and 2. House #1 (“Tyler House”), on the 
right of Figure 1 and on the left of Figure 2. House #2 (“Patriot House”), on the left of 
Figure 1 and on the right of Figure 2. 
 
Figure 1Front view of TxAIRE House #1 and #2. 
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 Figure 2 Back view of TxAIRE House #1 and 2. 
 
Some of the advanced features found in TxAIRE House #1 include conventional 
wall framing with blown-fiberglass insulation (R-15, vented attic with blown-fiberglass 
ceiling insulation (R-38). There are three roof vent options (static vents, wind turbine and 
solar-powered fan) and Aluminium-frame windows with double-pane glass (U=0.55, 
SHGF=0.36). House #1 is energy efficient and air-tight (0.18 ACH). A ducted air source 
single-split Lennox brand heat pump installed in the house has 18.2 Seasonal Energy 
Efficiency Ratio (SEER) and 9.7 Heating Seasonal Performance Factor (HSPF). Its 
outdoor unit is the model XP21-036-230-02 and has a capacity of 3 refrigeration tonnes 
(14.1 kW). It also has a multi-position, variable speed air handler unit with model number 
CBX32MV-048-230-6-06 and a capacity of 4 refrigeration tonnes. 
TxAIRE House #2 is more energy efficient (with HERS 52), air-tight (0.08 ACH) 
and Net-Zero Energy (HERS -11) with 7.4 kW of solar photovoltaic panels and high solar 
reflectance shingles. The house also uses advanced wall framing with open-cell foam 
insulation (R-24), an unvented attic with open-cell foam insulated roof deck (R-24) and 
vinyl-frame windows with double-pane, low-E glass (U=0.33, SHGF=0.23). Advanced air 
cleaning is installed and there is a bore hole for future ground-coupled heat pump 
10 
 
installation. The house has an air source heat pump (ducted single-split system) with a 
SEER of 19.0. The outdoor unit is a Trane brand, has a capacity of 2 refrigeration tonnes 
and model number 4TWZ0024A1000CA. It has a 3.5 refrigeration tonnes convertible 
variable speed communicating air handler unit with model number 4TEE3C05A1000A. 
The performance data of the heat pump can be found in Appendix A. Both houses have 
Energy-Recovery Ventilation (ERV) systems for providing fresh outdoor air. The brand is 
Trane and the model is TERVR100A9P00A. 
3.1 Measured Data  
 The data for the analysis were obtained from the unoccupied TxAIRE House #1 
and #2 having electric energy systems (no use of propane or natural gas). Energy use 
parameters were recorded at five minute intervals then converted to hourly as needed for 
plotting and comparison with results from simulations. The energy parameters measured 
are total house energy, outdoor unit (ODU) and air handler unit (AHU). The energy use 
by the Energy Recovery Ventilator (ERV) system and exterior lighting were estimated. 
The internal load (Plug-ins) was computed by subtracting the ODU, AHU, ERV and 
lighting energy from the total energy measured. It can be noted that, some of the months 
had zero electricity consumption and this is because there was no data recorded. 
Figures 3 to 7 show the measured hourly total house, ODU, AHU and estimated 
internal load electricity consumption for House #1. 
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Figure 3 Hourly Total House Electricity Consumption of House #1. 
 
 
 
Figure 4 Hourly Outdoor Unit Electricity Consumption of House #1. 
 
 
Figure 5 Hourly Air Handler Unit Electricity Consumption of House #1. 
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Figure 6 Hourly HVAC Electricity Consumption of House #1. 
 
 
 
Figure 7 Estimated Hourly Internal Load Electricity Consumption of House #1. 
 
Similarly, Figures 8 to 12 show the measured hourly total house, ODU, AHU and 
estimated plug-ins electricity consumption for House #2. 
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Figure 8 Hourly Total House Electricity Consumption of House #2. 
 
 
 
Figure 9 Hourly Outdoor Unit Electricity Consumption of House #2. 
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Figure 10 Hourly Air Handler Unit Electricity Consumption of House #2. 
 
 
 
Figure 11 Hourly HVAC Electricity Consumption of House #2. 
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Figure 12 Estimated Hourly Internal Load Electricity Consumption of House #2. 
 
Weather data parameters are recordered on-site by a weather station. The 
variables and their units are presented in Table 1. The data used for the analysis were 
observed from January 1st to December 31st 2014.  
 
Table 1 Weather data variables measured on-site at the TxAIRE Houses. 
Variable Meaning Definition Unit 
Wind 
Speed Wind Speed Average speed of wind  mph 
Wind Dir Wind Direction Direction at which the wind blows  
Wind Run Wind Run 
Distance the wind travels over a period of time 
(5min) miles 
Hi Speed High Wind Speed High wind speed in 5 min period mph 
Hi 
Direction Direction of High Wind Direction of the high wind speed  
Wind 
Chill Wind Chill 
Perceived air temperature decrease due to flow of 
air ˚F 
Heat 
Index Heat Index Perceived air temperature, how hot it feels ˚F 
THW 
Index 
Temp, Hum, Wind Speed 
Index 
Perceived air temperature based on temp, humidity, 
and wind speed ˚F 
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Table 1 Continued 
Variable Meaning Definition Unit 
THSW 
Index 
Temp, Hum, Wind Speed, 
Solar Rad Index 
Perceived air temperature based on temp, 
humidity, wind speed, and solar radiation ˚F 
Bar Pressure Pressure in-hg 
Rain Rain fall amount Amount of rain in 5 min period in 
Rain Rate Rate of rain fall Rate of the rain in/hr 
Solar Rad Solar Radiation Solar energy from the sun W/m2 
Solar 
Energy Solar Energy 
Solar energy distribution over an area (1 Langley 
= 41.84 KJ/m^2) Langley 
Hi Solar 
Radiation High Solar Radiation High solar radiation in a 5 min period W/m2 
Head D-D Heat Degree Day 
Calculation for the energy demand to heat 
buildings ˚F 
Cool D-D Cool Degree Day 
Calculation for the energy demand to cool 
buildings F 
In Temp Inside Temperature Inside Temperature F 
In Hum Inside Humidity Inside Humidity % 
In Dew Inside Dew Point Inside Dew Point F 
In Heat Inside Heat Inside Heat Index F 
ET Evapotranspiration The sum of evaporation and transpiration in-water 
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Chapter 4 
Weather Files 
Calibrated energy models for simulating new buildings or retrofitting have gained 
prominence in recent years. The use of accurate weather data plays a vital role in the 
process of calibration and consequently impacts the energy use in simulated buildings. 
The performance of models requires weather data observed during a time period at or 
near the building site. Using weather data recorded by a weather station not close to the 
site may introduce errors associated with microclimate conditions. In calibrating a model, 
the processes being simulated should be carefully considered and the appropriate weather 
data selected to avoid modelling errors. Weather data should include variables which 
have significant effect on the building. Energy simulation programs use different type of 
weather data, either from locally recorded weather data or typical years such as the ones 
available for the EnergyPlus simulation engine. Other  sources of appropriate weather 
data for simulation are Weather Bank [21], National Climatic Data Centre [22], Weather 
Analytics [23], Meteonorm [24], White Box Technologies [25] etc. In order to benefit 
from these resources, users have to check whether an existing EnergyPlus Weather 
Format (EPW) file is within 20-30 miles (30-50 km) and an elevation of a few hundred 
feet (100 m) [26].  
 
4.1 Types of Weather Data  
According to Mahabir et al. [27], there are three main classes of weather data that 
are commonly used for energy simulation, namely Typical Meteorological Year weather 
data (TMY), Actual Meteorological Year weather data (AMY) and Future Weather Data. 
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4.1.1 Typical Meteorological Year (TMY) Weather Data 
TMY is a collation of selected weather data for a specific location generated from 
a data bank much longer than a year in duration (up to 30 years). This is specially 
selected so that it presents the range of weather phenomena and the annual averages that 
are consistent with the long-term averages for the specified location. TMY data is 
frequently used in building simulation to assess the expected heating and cooling costs 
for the design of a building. This is used by designers of solar energy systems such as 
solar domestic hot water systems and large scale solar thermal power plants. Although 
not designed to provide meteorological extremes, TMY data have natural diurnal and 
seasonal variations and represent a year of typical climatic conditions for a location. 
TMY is neither used to predict weather for a particular period of time, nor used as an 
appropriate basis for evaluating real-time energy production for modeling renewable 
energy conversion systems. 
The TMY data set is made of 12 typical meteorological months, starting from 
January to December. The meteorological months are combined without modification to 
form a single year with a serially complete data record for primary measurements. These 
monthly data sets contain actual time-series meteorological measurements and modeled 
solar values, although some hourly records may contain interpolated data for periods 
when original observations are missing from the data archive [28].  
Examples of TMYs include Test Reference Year-type (TRY), Typical 
Meteorological Year version 2 (TMY2), Typical Meteorological Year version 2 (TMY3), 
Weather Year for Energy Calculations (WYEC), and Weather Year for Energy 
Calculations version 2 (WYEC2). TMY, TMY2 and TMY3 data sets cannot be used 
interchangeably because of differences in time (solar versus local), formats, elements, 
and units. Unless they are revised, computer programs designed for TMY and TMY2 
data will not work with TMY3 data. NREL provides a conversion program to reformat 
TMY3 data to TMY2 data. 
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4.1.2 Actual Meteorological Year Weather Data 
AMY files are actual hourly data sets over the last year, or other time period, 
where weather data is available closest to the location of interest. They are used for 
simulating models calibrated to energy bills. An example is the International Weather for 
Energy Calculation (IWEC) [29] data sets, the world’s largest active archive of weather 
data at the National Oceanic and Atmospheric Administration’s (NOAA) National 
Climatic Data Center (NCDC) including the 12,000-location International Surface Hourly 
(ISH) dataset. 
 
4.1.3 Future Weather Data  
This class of data is used for adaptive control of a building and can be obtained 
from the National Weather Service (NOAA) [30].  
 
4.2 Weather File and Design Days for Simulation 
The simulation engine EnergyPlus, used by OpenStudio, requires two data sets for 
simulation: one is the EPW weather file and the other is the design day data (DDY). The 
DDY contains information about location, longitude, latitude, time zone and elevation 
which is used in load calculations or sizing equipment. The DDY file of the closest city 
can be used if there is none available for the location of the building being modeled. 
Three different weather files are considered during the calibration of the models in 
Section (5). These weather files are: an AMY weather file for Tyler from Weather 
Analytics [23], and two AMY weather files created for the TxAIRE Houses using two 
different approaches described in Section 4. 
Since weather data is measured onsite, the AMY files for the TxAIRE Houses can 
be considered more accurate. The next section describes the methodology used to create 
an AMY weather file for simulations. 
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4.3 Methodology to create an AMY Weather File 
Weather data are not readily available for use in building simulation in many 
locations. However, for the United States there is weather data for most of the cities but 
some towns need to be referenced to the closest city with available weather data. For this 
reason, weather data can be created for such locations. Important variables defining the 
accuracy of a weather file, such as dry bulb temperature and solar radiation, are 
commonly measured by onsite weather stations. This is the case at the TxAIRE Houses 
where outdoor dry bulb temperature, solar energy, wind velocity, wind direction, relative 
humidity are measured and have been used to create the local AMY files. 
In order to modify weather parameters, there is the need to convert the 
EnergyPlus Weather (EPW) file into a comma separated value (CSV) format using 
EnergyPlus weather utility. This tool translates and extends typical weather data into 
EnergyPlus format and calculates the horizontal infrared radiation intensity values. The 
tool also prepares a statistical summary of the weather data set as part of the processing. 
When all the available parameters of interest have been changed, the CSV file is then 
converted back to EPW to be used for simulations.  
The Weather Statistics and Conversions tool, is located at Star>All 
Programs>EnergyPlus or it can opened from the ‘Utilities’ tab on EP-Launch of 
EnergyPlus as it can be seen from the screenshot shown below. 
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The use of this tool is as follows: 
Use ‘Select File to Convert’ to select the “EnergyPlus Weather (EPW) format” at ‘Input 
Weather Data File’. If an error message pops-up, use ‘Override Default Type’ to select 
the “EnergyPlus Weather (EPW) format.” 
 
 
Open the dropdown menu for ‘Data Type’ associated to the ‘Select Output Format’ to 
select ‘CSV format of EPW data’. 
 
Click ‘Save File As’ to select where the utility will save the converted file. 
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Click on ‘Convert File’. After the file has been converted, a message will pop up 
indicating the process have been completed. 
 
 
 
4.4 Solar Radiation Parameters 
Outdoor temperature is the most important variable as it defines heat transfer 
through the building envelope. However, solar radiation is also important because it 
defines gains through windows and exterior surface temperature of envelopes. Global 
Horizontal Radiation (GHR) is a function of Direct Normal Radiation (DNR), Diffuse 
Horizontal Radiation (DHR), and ground-reflected radiation [31]. Since ground reflected 
radiation is usually insignificant compared to direct and diffuse, for all practical purposes 
global radiation can be computed as a function of only DHR and DNR. The DNR also 
known as beam radiation is the amount of solar radiation from the direction of the sun. 
DNR can also be defined as the direct radiation received on a plane normal to the sun 
over the total solar spectrum. It is an essential component of GHR, especially under 
cloudless conditions, and serves as solar resource that can be used by concentrating solar 
technologies such as concentrating solar power systems. The DHR is the radiation 
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component that strikes a point from the sky, excluding circumsolar radiation. In the 
absence of the atmosphere, there would be no diffuse sky radiation. High values of 
diffuse sky radiation are produced by an unclear atmosphere or reflections from clouds. 
Since GHR is a commonly measured weather parameter by an on-site weather station, 
two approaches to estimate DHR and DNR from GHR have been developed in this 
section. In the first approach which was developed by Erbs et al. [32], the DHR is found 
from the correlation 
𝐷𝐷𝐷𝐷𝐷𝐷
𝐺𝐺𝐷𝐷𝐷𝐷
= 1.0 − 0.09𝑘𝑘𝑇𝑇 ,    𝑘𝑘𝑇𝑇 ≤ 0.22         (1)  
𝐷𝐷𝐷𝐷𝐷𝐷
𝐺𝐺𝐷𝐷𝐷𝐷
= 0.9511− 0.1604𝑘𝑘𝑇𝑇 + 4.388𝑘𝑘𝑇𝑇2 − 16.638𝑘𝑘𝑇𝑇3 + 12.336𝑘𝑘𝑇𝑇4  ,     0.22 < 𝑘𝑘𝑇𝑇 ≤ 0.80  
𝐷𝐷𝐷𝐷𝐷𝐷
𝐺𝐺𝐷𝐷𝐷𝐷
= 0.165, 𝑘𝑘𝑇𝑇 > 0.80        (2) 
where 𝑘𝑘𝑇𝑇  is clearness index  
The Clearness Index defined as the ratio of the GHR and the extraterrestrial horizontal 
radiation (EHR) 
𝑘𝑘𝑇𝑇 = 𝐺𝐺𝐷𝐷𝐷𝐷𝐸𝐸𝐷𝐷𝐷𝐷          (3) 
The solar radiation incident on a horizontal plane outside the atmosphere can be 
estimated as 
 𝐺𝐺𝑜𝑜 = 𝐺𝐺𝑠𝑠𝑠𝑠 �1 + 0.033 𝑐𝑐𝑐𝑐𝑐𝑐 �360 𝑛𝑛365 ��× [𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙 𝑐𝑐𝑐𝑐𝑐𝑐 𝛿𝛿𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝜔𝜔𝑠𝑠 + 𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙 𝑐𝑐𝑠𝑠𝑠𝑠 𝜔𝜔𝑠𝑠 ] (4) 
where 𝐺𝐺𝑠𝑠𝑠𝑠 is the solar constant (1360.8  W/m2 [K]), 𝜙𝜙 is the latitude of the site, 𝜔𝜔𝑠𝑠 is the 
solar hour angle and 𝛿𝛿𝑠𝑠 is the solar declination defined as 
𝛿𝛿𝑠𝑠 = 23.45 𝑐𝑐𝑠𝑠𝑠𝑠 �360 284+𝑛𝑛365 �      (5) 
where 𝑠𝑠 is the number day (1 for January 1st and 365 for December 31st).  
According to Beckman [33], the extraterrestrial horizontal radiation (in J/m2) can 
be calculated hourly as  
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𝐸𝐸𝐸𝐸𝐸𝐸 = 12×3600
𝜋𝜋
𝐺𝐺𝑠𝑠𝑠𝑠 �1 + 0.033 𝑐𝑐𝑐𝑐𝑐𝑐 �360 𝑛𝑛365 �� × �𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙 𝑐𝑐𝑐𝑐𝑐𝑐 𝛿𝛿𝑠𝑠 sin (𝜔𝜔2 − 𝜔𝜔1) +
𝜋𝜋(𝜔𝜔2−𝜔𝜔1)
180
𝑐𝑐𝑠𝑠𝑠𝑠 𝜙𝜙 𝑐𝑐𝑠𝑠𝑠𝑠 𝜔𝜔𝑠𝑠 �          (6) 
where 𝜔𝜔1 and 𝜔𝜔2 are hour angles for solar hour 1 and 2 respectively. 
Alternatively, hourly EHR can also be approximated by writing Equation (4) in terms of 
𝐸𝐸𝐸𝐸𝐸𝐸 by evaluating 𝜔𝜔𝑠𝑠 at the midpoint of the hour. Both approaches give nearly the same 
result but can be slightly larger at time near sunrise and sunset [33]. 
With the DHR and GHR known, the direct normal can be found using                                   
𝐷𝐷𝐷𝐷𝐸𝐸 = 𝐺𝐺𝐷𝐷𝐷𝐷−𝐷𝐷𝐷𝐷𝐷𝐷
cos (Z)            (7) 
where z is the zenith angle  defined also as 90− 𝑆𝑆𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝑆𝑆𝐴𝐴𝑠𝑠𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴. 
The second approach to estimate DHR and DNR from the GHR is based on the 
Direct Insolation Simulation Code (DISC) [34]. 
The DNR is estimated from the correlation 
𝐷𝐷𝐷𝐷𝐸𝐸 = 𝐸𝐸𝐷𝐷𝐸𝐸 × 𝐾𝐾𝑠𝑠          (8) 
where EDR is the extraterrestrial direct normal radiation which can be obtained from 
weather files and the 𝐾𝐾𝑠𝑠 is the Direct Beam Transmittance estimated from 
𝐾𝐾𝑠𝑠 = 𝐾𝐾𝑠𝑠𝑠𝑠 − ∆𝐾𝐾𝑠𝑠           (9) 
where 𝐾𝐾𝑠𝑠𝑠𝑠 is  Direct Beam Atmospheric Transmittance under clear sky conditions 
computed from 
𝐾𝐾𝑠𝑠𝑠𝑠 = 0.866 − 0.122(𝐴𝐴𝐴𝐴) + 0.0121(𝐴𝐴𝐴𝐴)2 − 0.000653(𝐴𝐴𝐴𝐴)3 + 0.000014(𝐴𝐴𝐴𝐴)4 (10) 
where AM is Air Mass which is estimated as   
𝐴𝐴𝐴𝐴 = [cos (𝑧𝑧) + 0.15(93.885− 𝑧𝑧)−1.253]−1                                         (11) 
∆𝐾𝐾𝑠𝑠 in Equation (9) is  
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∆𝐾𝐾𝑠𝑠 = 𝑆𝑆 + 𝑏𝑏 × 𝐴𝐴(𝑠𝑠×𝐴𝐴𝐴𝐴)  
The coefficients a, b and c for calculating ∆𝐾𝐾𝑠𝑠 are determined from 
if 𝐾𝐾𝑡𝑡 ≤ 60, 
𝑆𝑆 = 0.512− 1.56𝐾𝐾𝑡𝑡 + 2.286𝐾𝐾𝑡𝑡2 − 2.222𝐾𝐾𝑡𝑡3  
𝑏𝑏 = 0.370 + 0.962𝐾𝐾𝑡𝑡         (12) 
𝑐𝑐 = −0.280 + 0.932𝐾𝐾𝑡𝑡 − 2.048𝐾𝐾𝑡𝑡2  
if 𝐾𝐾𝑡𝑡 > 60, 
𝑆𝑆 = −5.743 + 21.77𝐾𝐾𝑡𝑡 − 27.49𝐾𝐾𝑡𝑡2 + 11.56𝐾𝐾𝑡𝑡3  
𝑏𝑏 = 41.40− 118.5𝐾𝐾𝑡𝑡 + 66.05𝐾𝐾𝑡𝑡2 + 31.90𝐾𝐾𝑡𝑡3      (13) 
𝑐𝑐 = −47.01 + 184.2𝐾𝐾𝑡𝑡 − 222.0𝐾𝐾𝑡𝑡2 + 73.81𝐾𝐾𝑡𝑡3  
𝐾𝐾𝑡𝑡 is defined as in Equation (3). 
In this approach EHR is defined as 
𝐸𝐸𝐸𝐸𝐸𝐸 = 1360.8 × 𝑆𝑆𝑒𝑒cos (𝑧𝑧)           (14) 
where 𝑆𝑆𝑒𝑒 is the reciprocal of the square of earth’s radius vector defined as 
𝑆𝑆𝑒𝑒 = 1.00011 + 0.034221cos (𝜉𝜉) = 1.28 × 10−3sin (𝜉𝜉) + 7.1910−4𝑐𝑐𝑐𝑐𝑐𝑐2(𝜉𝜉) + 7.7 ×10−5𝑐𝑐𝑠𝑠𝑠𝑠2(𝜉𝜉)                     (15) 
The number 1360.8 is solar constant (W/m2) [35] and 𝜉𝜉 is eccentric anomaly of the earth 
in its orbit around the sun which can be computed from Kepler’s equation [36]. 
From the expression in Equation (6) and the DNR computed as in Equation (1), the 
diffuse horizontal radiation becomes 
𝐷𝐷𝐸𝐸𝐸𝐸 = 𝐺𝐺𝐸𝐸𝐸𝐸 − 𝐷𝐷𝐷𝐷𝐸𝐸 × cos (𝑧𝑧).        (16)
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Chapter 5 
Model Development 
As mentioned in Chapter 2, OpenStudio software is used to develop the models 
and run simulations of TxAIRE House #1 and #2. The steps in developing this model are 
establishing the building internal loads (energy characteristics), creating the geometry of 
the building, and running the simulation. The model was then calibrated in order that 
simulation results would match actual energy use. This was done by adjusting certain 
parameters of the model and checking if results are within acceptable range of computed 
Normalized Mean Bias Error (NMBE) and the Root Mean Square (RMS). The model is 
re-calibrated until the satisfactory result is obtained. 
 
5.1 Building Geometry  
The building geometry is a major factor that accounts for the energy consumption 
of a building. The building’s geometry is defined by the shape and size of the building 
layout, openings for windows and doors, and by the shape of the roof (hip or gable). 
The TxAIRE House layout was drawn using Google SketchUp software with information 
gathered from the actual plans and features. The geometry of the TxAIRE Houses are 
mirror images of each other, thus the figures of TxAIRE House #2 shown (Figures 13-18) 
are the images for TxAIRE House #1. Figure 13 shows the building layout with its 
associated dimensions of House #2. Figure 14 to 8 shows the front, left and right 
elevations of the building geometry.
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Figure 13 TxAIRE House #2 Floor Plan. 
 
 
Figure 14 TxAIRE House #2 Isometric View. 
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Figure 15 TxAIRE House #2 Front View. 
 
 
Figure 16 TxAIRE House #2 Left View. 
 
29 
 
 
Figure 17 TxAIRE House #2 Right View. 
 
 
Figure 18 TxAIRE House #2 Top view (Roof). 
 
 
5.1.1 Roof Construction 
The roof of the building is critical in the model development as it is a point of contact 
for heart transfer. The building geometry may have a pitched roof at different angles, flat 
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roof or hip roof. There are different ways in creating the roof using Google SketchUp, 
one approach is as follows: 
• Create new space on top of the extruded one story building 
 
 
• Draw a triangle using the protractor that represents the slope of the roof over the 
widest part of the building. 
 
 
• The half-gable triangle is as shown 
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• Select the top surface of the building as shown. 
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• With the Follow Me tool, click the half-roof profile that was drawn in Step 1. 
 
 
 
• Select the whole roof by triple-clicking on it with the Select tool; hiding the rest 
of building.  
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• Right-click anywhere on the roof and choose Intersect Faces with Model from the 
context menu. 
 
 
 
• Use the Eraser tool to clean up the roof by erasing any geometry that is not part of 
roof 
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• Edge out the front roof from hip to create gables forming part of the exterior wall 
 
5.2 Space Types and Thermal Zones 
Space types allow defining internal loads, schedule sets, and construction sets 
associated to the spaces. The space types tab in the OpenStudio application is organized 
into a grid view and allows for the space types settings to be edited. Thermal Zones are 
important because they represent an isothermal volume of air that may have only one 
thermostat. The OpenStudio thermal zone forms the connection point between the air 
conditioned space and the HVAC equipment. Thermal zones can contain one or more 
spaces.  
Figure 19 shows the extruded model divided into three thermal zones with three 
space types representing the garage, house, and attic respectively. Two schedules were 
created for heating and cooling to be used all year round. The set point for cooling of 
House #2 is 24.4 °C (75.9°F) and that of heating is 21.1 °C (70°F).  Figure 20 shows a 
screen shot of the Facility tab to illustrate the space types (attic, garage and house) and 
building orientation. 
The orientation of the TxAIRE houses is the front of the house from north. 
However, front view of the model developed with the SketchUp software faces south. To 
solve this, the model is rotated through an angle of 180 degrees as shown in Figure 20 
under the label “North Axis”. 
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Figure 19 Rendering by Thermal Zones 
 
 
Figure 20 Facility sorted by space type 
 
5.3 Materials and Constructions 
Constructions and material properties affect cooling and heating energy use of 
buildings. These properties (which include thickness, thermal conductivity, specific heat 
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capacity, density, thermal absorptance, solar absorptance etc.) determines the heat 
transfer rate between the environment and building envelope.  A group of materials make 
up the constructions and are put together to form construction sets (or building envelope).  
Some of the material properties found in the TxAIRE houses and its equivalent 
used in the model are presented in Table 2 and 3. 
In order to accurately predict the heat transfer between a building and its 
environment the R-value (resistance) of each building component needs to be considered. 
The next section illustrates computation of R-Values for the TxAIRE Houses. 
 
Table 2 TxAIRE House 1 Construction materials and their properties 
Building Component Material 
Wall 
Actual Model 
¾” Hardi Plank Siding  
3” Brick 3” Brick  (110 lb/ft3) 
1 /2” Air gap F04 Air space resistance 
House wrap  
½” Wafer board ½” Plywood  
2×4” Framing  
R-15 Blown insulation Wall Insulation (44) 
½” Sheet Rock ½” Gypsum Board 
Roofing 
Regular  
Asphalt singles Tar Paper 30# 
1/2” Wafer board ¾” Plywood 
2×6 Rafters  
Ceiling 
Ceiling insulation R-38 Roof insulation (25) 
2×6 Ceiling joist  
½” Sheetrock ½” Gypsum Board 
Window Aluminium window 0.55 U 3mm Clear window 
Exterior Slab 
Concrete MAT-CC05 4 HW 
Concrete 
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Table 3 TXAIRE House 2 Construction materials and their properties 
Building Component Material 
Wall 
Actual Model 
¾” Hardi Plank Siding  
3” Brick 3” Brick-Fired Clay  110 
lb/ft3 
1/2” Air gap F04 Air space resistance 
House wrap  
½” Wafer board 1/2” Plywood Douglas Fire 
2×6” Framing  
R-19 Foam (Open Cell) Wall Insulation (52) 
½” Sheet Rock ½” Gypsum board 
Roofing 
Reflection shingles  Asphalt singles 
Underlayment Roof membrane 
1/2” Wafer board 1/2” Plywood 
2×6 Rafters  
R-22  6” Open cell foam 
insula 
Roof insulation (18) 
Ceiling 
No insulation  None 
2×6 Ceiling joist  
½ Sheetrock ½” Gypsum Board 
Window 
Vynl window 0.3 U, 0.33 
SHGC, 0.55 Light 
90.1 Windows Window 
Fixed 1505 Vnl-GrnMpr 
Exterior Slab 
Concrete MAT-CC05 4 HW 
Concrete 
 
5.3.1 Computing the R-Value of Building Component 
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R-value is the measurement of a material’s property of resisting heat flow from one 
side to the other. In other words, it measures the effectiveness of insulation. Higher number 
means very effective insulation and vice versa. The R-value is additive, for example a 
material with an R-Value of R-16 attached to R-6 gives R-22. Units of measurement of 
thermal resistance in S.I is 𝑚𝑚
2𝐾𝐾
𝑊𝑊
 and in I.P is  °𝐹𝐹×𝑓𝑓𝑡𝑡2×ℎ𝑟𝑟
𝐵𝐵𝑇𝑇𝐵𝐵
. The R-value (resistance), also 
defined as the inverse of the U-factor, for conduction is  
𝐸𝐸 = 1
𝐵𝐵
= 𝑙𝑙
𝐾𝐾
 and for convection is 𝐸𝐸 = 1
𝐵𝐵
= 1
ℎ
 
where 𝑆𝑆 is the material thickness, 𝐾𝐾 is the thermal conductivity and ℎ is heat transfer 
coefficient. 
For building components such as roof, ceiling or wall insulation with multiple 
layers, the total R-value is  
𝐸𝐸-𝑉𝑉𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴 = 𝐸𝐸1 + 𝐸𝐸2 + 𝐸𝐸3 … 𝐸𝐸𝑛𝑛        (17) 
where 𝐸𝐸𝑖𝑖 is the resistance for each layer. 
According to the Oak Ridge National Laboratory (ORNL) [37] website there are 
two R-values of a wall system. They are clear-wall R-value and whole-wall R-value. 
Clear-wall R-values are walls with insulation and other important structural layers. On 
the other hand, the whole-wall R-value takes into account impact on a wall's performance 
as it interfaces with windows, floors, ceiling, and other walls. Whole-wall R-value is 
almost always less than the clear-wall R-value because it takes into account thermal 
shorts. Thermal shorts result in heat loss in the winter and heat gain in the summer and 
contribute to non-uniform interior surface temperatures and interior moisture 
condensation. These concepts are embedded in simulation software. However, for 
illustration purposes, Appendix C shows the building components of TxAIRE Houses 
with their associated R-Values computed by adding thermal resistances of individual 
materials. 
5.4 Electric Loads and Schedules 
The value of the internal loads (plug-ins) and how they are scheduled to operate is 
one of the important factors that affects heating and cooling energy use. An electric load 
found in the TxAIRE house is the ERV system which works 100% of the time. The 
measured power of House #1 ERV was 93 W which amounts to an annual energy use of 
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815 kWh and that of House #2 was 88.5 W, equivalent to an annual energy of 775 kWh. 
The base load, associated to plug-in loads, is computed by subtracting the measured 
ODU, AHU, exterior lighting and ERV energies from the total house energy used. There 
are two exterior lights estimated at 60 W running based on a schedule with a fractional 
value of 1 with sunlight clock. 
Based on Figure 12 in Section 3.1, it can be seen that between May and July, energy 
of approximately 0.28 kW was consumed and for the remaining months, energy of about 
0.22 kW was used. As a result, a schedule was set in OpenStudio to depict the energy use 
pattern as follows: 
i. the 0.22 kW energy use between May 15 and July 12 is assigned a fractional 
value of 0 and all other dates 1. 
ii. for the f 0.28 kW energy consumed between July 13 and May 14, it was assigned 
a fractional value of 0 and the other dates a value of 1. 
Tables 4 and 5 show the internal load of TxAIRE House #1 and #2 together with 
values used for the model. 
 
Table 4 TxAIRE House 1 Internal Loads 
Loads House (kWh/yr) Model (kWh/yr) 
Plug-ins 2015 2014.8 
People 0 0 
Light 0 0 
ERV 815 815 
 
Table 5 TxAIRE House 2 Internal Loads 
Loads House (kWh/yr) Model (kWh/yr) 
Plug-ins 2015 2014.8 
People 0 0 
Light 0 0 
ERV 775 775.3 
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5.5 Heating, Ventilation and Air Conditioning (HVAC) 
HVAC aims at providing a comfortable and healthy indoor environment for 
building occupants. Comfort and indoor air quality depend on many factors, including 
thermal regulation; control of internal and external sources of pollutants; supply of 
acceptable air; removal of unacceptable air; occupants’ activities and preferences; and 
proper construction, operation, and maintenance of building systems. Ventilation and 
infiltration are only part of the acceptable indoor air quality and thermal comfort 
problem.  
In order to simulate the energy performance of the building and to obtain accurate 
results, an HVAC system is needed. The input data on the HVAC system must include 
information about the system, ventilation and the air distribution system. Information 
about the system to be considered is its performance data which is usually provided by 
the manufacturer. The data can then be used in finding the coefficient of the performance 
curves. The EnergyPlus Curve Fit tool is used to obtain these coefficients for the heat 
pump of House #1 and #2. 
To model the HVAC system, a Packaged Terminal Heat Pump having a two 
speed cooling coil was used in an air loop. The performance coefficients were modified 
using the coefficients obtained from the curve fitting tool following the procedure given 
in Section 5.5.4. 
Figure 21 shows the different thermal zones with the mechanical systems available as 
modelled with OpenStudio in TxAIRE Houses. It can be seen that the ERV Airloop 
system contains the packaged terminal heat pump. A separate air-loop was created to 
remove air from the attic of House #1 as shown in Figure 22, since House #1 has a vented 
attic with some solar powered attic fans. 
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Figure 21Thermal Zones with Mechanical Systems 
  
 
 
Figure 22 Attic Air Removal System in House #1 
 
5.5.1 Performance Rating of Heat Pumps  
The thermodynamic efficiency for refrigeration cycle is the coefficient of 
performance (COP). The COP of a cooling (or heating) unit is defined as cooling (or 
heating) power output divided by electrical power input, both in watts at rated conditions 
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(see Section 5.5.2). The input power includes electric power for the compressor(s) and 
condenser fan(s) but does not include the power consumption of the supply air fan. The 
cooling (or heating) power output is the rated total cooling (or heating) capacity of the 
unit. 
The efficiency is also expressed as energy efficiency ratio (EER) and seasonal 
energy efficiency ratio (SEER) for cooling. For heating, the heating seasonal 
performance factor (HSPF) is used. 
The EER is the ratio of output cooling energy (BTU) to electrical input energy 
(Wh). If the EER is known, the COP for cooling can be evaluated using Equation (10) 
[38] 
𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐸𝐸𝐸𝐸𝐸𝐸 × 0.293                                         (18) 
The SEER measures how efficiently a residential central cooling system (air 
conditioner or heat pump) will operate over an entire cooling season. The SEER and EER 
are related by [38] 
𝐸𝐸𝐸𝐸𝐸𝐸 = 1.12(𝑆𝑆𝐸𝐸𝐸𝐸𝐸𝐸) − 0.02(𝑆𝑆𝐸𝐸𝐸𝐸𝐸𝐸)2                            (19) 
The HSPF measures efficiency of the system in heating mode. The COP for 
heating is computed similarly to Equation (18) as [38] 
𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐸𝐸𝑆𝑆𝐶𝐶𝐻𝐻 × 0.293                                (20) 
Using Equations (18) and (19) for cooling and Equation (20) for heating, the COP 
for cooling and heating of the Lennox air source heat pump in House #1 with SEER 18.5 
and HSPF 9.7 (according to manufacturer’s specification) were computed to be 4.1 and 
2.8 respectively. Similarly, the COP for cooling and heating of the heat pump in House 
#2 with SEER 19.0 and HSPF 9.0 (according to manufacturer’s specification) were found 
to be 4.1 and 2.6 respectively. 
 
5.5.2 Rated Data 
The rated data is used to normalize the performance data set. The rated test 
conditions depend on the equipment type.  For a DX cooling coil the rated test 
temperatures are 19.4°C (67°F) indoor coil entering wet bulb, 26.7°C (80°F) indoor coil 
entering dry bulb and 35.0°C (95°F) outdoor coil entering dry bulb air temperatures per 
ANSI/AHRI Std. 210/240 [39]. Rated test condition for a DX heating coil are outdoor air 
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dry-bulb temperature of 8.33°C (47°F), outdoor air wet-bulb temperature of 6.11°C (43 
°F), coil entering air dry-bulb temperature of 21.11°C (70°F) and coil entering air wet-
bulb temperature of 15.55°C (60°F) [39].  
The capacity should be gross and the power should be condenser fan power plus 
compressor power at the rated condition. The rated data can be one of the performance 
data points depending on the speed or stage.  
 
5.5.3 EnergyPlus Curve Fitting Tool 
The curve fitting tool generates performance coefficients of HVAC systems in 
EnergyPlus. This tool comes with EnergyPlus software when installed and it can be 
accessed from the following path, C:\EnergyPlusV8-2-0\PreProcess\HVACCurveFitTool. 
For each set of performance data entered, capacity and Energy Input Ratio (EIR) 
performance curves are generated as a function of temperature or flow rate.  The capacity 
and EIR of cooling DX coils as a function of temperatures require only biquadratic 
curves, whereas heating DX coils may use biquadratic, cubic and quadratic curves. The 
selection of either of these curves is dependent on availability of performance data. The 
capacity and EIR as a function of flow rate allows either cubic or quadratic curve type. 
The curve types allowed are: 
Cooling capacity as a function of temperatures: Biquadratic Curve 
𝐶𝐶𝑐𝑐𝑆𝑆𝐶𝐶𝑆𝑆𝑐𝑐𝑠𝑠𝐴𝐴𝐶𝐶 =  𝑆𝑆0  + 𝑆𝑆1𝑇𝑇𝑑𝑑𝑑𝑑  +  𝑆𝑆2𝑇𝑇𝑑𝑑𝑑𝑑2 + 𝑆𝑆3𝑇𝑇𝑤𝑤𝑑𝑑  +  𝑆𝑆4𝑇𝑇𝑤𝑤𝑑𝑑2  +  𝑆𝑆5𝑇𝑇𝑑𝑑𝑑𝑑𝑇𝑇𝑤𝑤𝑑𝑑       (21) 
Heating capacity as a function of temperatures: Biquadratic curve 
𝐸𝐸𝑐𝑐𝑆𝑆𝐶𝐶𝑆𝑆𝑐𝑐𝑠𝑠𝐴𝐴𝐶𝐶 =  𝑆𝑆0 +  𝑆𝑆1𝑇𝑇𝑑𝑑𝑑𝑑  +  𝑆𝑆2𝑇𝑇𝑑𝑑𝑑𝑑2 +  𝑆𝑆3𝑇𝑇𝑤𝑤𝑑𝑑  +  𝑆𝑆4𝑇𝑇𝑤𝑤𝑑𝑑2  +  𝑆𝑆5𝑇𝑇𝑑𝑑𝑑𝑑𝑇𝑇𝑤𝑤𝑑𝑑              (22) 
Heating capacity as a function of temperatures: Cubic Curve 
𝐸𝐸𝑐𝑐𝑆𝑆𝐶𝐶𝑆𝑆𝑐𝑐𝑠𝑠𝐴𝐴𝐶𝐶 =  𝑆𝑆0  +  𝑆𝑆1𝑇𝑇𝑑𝑑𝑑𝑑  +  𝑆𝑆2𝑇𝑇𝑑𝑑𝑑𝑑  + 𝑆𝑆3𝑇𝑇𝑑𝑑𝑑𝑑3                                                     (23) 
EIR as a function of temperatures: Biquadratic Curve 
𝐸𝐸𝐸𝐸𝐸𝐸 =  𝑆𝑆0  +  𝑆𝑆1𝑇𝑇𝑑𝑑𝑑𝑑  +  𝑆𝑆2𝑇𝑇𝑑𝑑𝑑𝑑2 +  𝑆𝑆3𝑇𝑇𝑤𝑤𝑑𝑑  +  𝑆𝑆4𝑇𝑇𝑤𝑤𝑑𝑑2  +  𝑆𝑆5𝑇𝑇𝑑𝑑𝑑𝑑𝑇𝑇𝑤𝑤𝑑𝑑                        (24) 
EIR as a function of temperatures: Cubic Curve 
𝐸𝐸𝐸𝐸𝐸𝐸 =  𝑆𝑆0  +  𝑆𝑆1𝑇𝑇𝑑𝑑𝑑𝑑  +  𝑆𝑆2𝑇𝑇𝑑𝑑𝑑𝑑2  +  𝑆𝑆3𝑇𝑇𝑑𝑑𝑑𝑑3                                                       (25) 
Capacity as a function of flow rate: Cubic Curve 
𝐶𝐶𝑆𝑆𝐶𝐶𝑆𝑆𝑐𝑐𝑠𝑠𝐴𝐴𝐶𝐶  = 𝑆𝑆0  + 𝑆𝑆1𝐶𝐶𝐻𝐻𝐴𝐴 + 𝑆𝑆2𝐶𝐶𝐻𝐻𝐴𝐴2  +  𝑆𝑆3𝐶𝐶𝐻𝐻𝐴𝐴3                               (26) 
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Capacity as a function of flow rate: Quadratic Curve 
𝐶𝐶𝑆𝑆𝐶𝐶𝑆𝑆𝑐𝑐𝑠𝑠𝐴𝐴𝐶𝐶 =  𝑆𝑆0  + 𝑆𝑆1𝐶𝐶𝐻𝐻𝐴𝐴 + 𝑆𝑆2𝐶𝐶𝐻𝐻𝐴𝐴2                                                                   (27) 
EIR as a function of flow rate: Cubic Curve  
𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑆𝑆0  +  𝑆𝑆1𝐶𝐶𝐻𝐻𝐴𝐴 +  𝑆𝑆2𝐶𝐶𝐻𝐻𝐴𝐴2  +  𝑆𝑆3𝐶𝐶𝐻𝐻𝐴𝐴3                                                     (28) 
EIR as a function of flow rate: Quadratic Curve 
𝐸𝐸𝐸𝐸𝐸𝐸 =  𝑆𝑆0  +  𝑆𝑆1𝐶𝐶𝐻𝐻𝐴𝐴 +  𝑆𝑆2𝐶𝐶𝐻𝐻𝐴𝐴2           (29) 
where 𝑇𝑇𝑑𝑑𝑑𝑑 is dry-bulb temperature, 𝑇𝑇𝑤𝑤𝑑𝑑 is wet-bulb temperature and 𝐶𝐶𝐻𝐻𝐴𝐴 is the flow 
rate. 
The performance curves as a function of temperatures are generated for a given 
set of input data at given fan speed (flow rate). The curves as a function of flow are 
generated at the rated temperature conditions.   
 
5.5.4 Performance Curve Generation 
In order to obtain performance curves (e.g. performance curve for DX Coils), 
performance data must be obtained from the manufacturer of the unit. The performance 
data set entered depends on the type of independent variables selected.  To generate 
performance curves as a function of temperatures, the capacity and power data at various 
combinations of indoor and outdoor coil entering air temperatures at a rated supply air 
flow rate are required. Similarly, the performance curves as function of flow fraction  is 
generated using capacity and power data at various supply air flow rates and rated indoor 
and outdoor coil entering air (or water) temperatures. The performance data set may 
include the rated data as one of the data points. Figure 23 shows an example of 
performance data of a Lennox heat pump from which the rated data is obtained. 
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Figure 23 Sample of performance data from Packaged Heat Pump Lennox KH LandMark 
Roof Top Unit specifications. 
Next, input data is prepared to be fed into the EnergyPlus curve fit tool by 
selecting appropriate parameters from the drop down menu. The inputs define the DX 
Coil Type, Curve Type, Independent Variable and the Units type. The choices available 
for each input parameters are described as follows: 
i. DX Coil Type:  the capacity and EIR curves are generated either for cooling, 
heating DX coils or “Other”.  “Other” provides a generic data entry labels for 
equipment other than DX Coils (example Chillers) which may use the Cooling, 
Heating or Other Curve Types  
ii. Independent Variables:  the curves are generated as a function of temperatures or 
flow (flow fraction) 
iii. Curve Types:  for a given set of data either biquadratic, cubic or quadratic curve 
types can be selected 
iv. Units: the input data can be either IP or SI  
Figure 24 shows the input screen of the curve fit tool where the rated and 
performance data set is entered. 
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Figure 24 Input screen of the curve fit tool to generate performance curves. 
 
Once input parameters are specified, the visual basic for application code reads in 
the values and automatically populate labels for each of the independent and dependent 
variables applicable. The coefficients of the curves are displayed on the "output" tab of 
the curve fit tool. Besides the curve coefficients, the goodness of curve fit indicator, 𝐸𝐸2 is 
also reported by the tool. 𝐸𝐸2 is the ratio of the sum of the squared deviations of the curve 
fit values from the mean to the sum of the squared deviations of the original data from the 
mean.  When the values are closer to 1.0, the coefficients are considered to be good.   
Figure 25 illustrates an example of coefficient of the performance curves for both 
capacity and EIR as functions of temperature as given by the tool. 
47 
 
 
Figure 25 Output of the performance curve generation fitting tool 
 
Using the tool and procedure described, coefficients were obtained for the two 
units at the houses.  
Table 6 and 7 show the performance curves as a function of temperature of the 
high and low speed DX coil for the unit in House#1 and Table 8 shows the performance 
curve of high speed DX coil  as function of flow for cooling and heating as required by 
the OpenStudio software. The column label CAPTFTemp means capacity as function of 
temperature, EIRTemp means energy input ratio as function of temperature, CAPFFF is 
the capacity as function of flow and EIRFFF is the energy input ratio as function of flow. 
The coefficients in the tables are given based on the type of curve needed, that is, 
quadratic, cubic, or biquadratic. 
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Table 6 Performance coefficient as a function of temperature of high speed DX coil. 
High Speed (STAGE 1) 
  
 Name 
Cooling Heating 
CAPFTemp EIRFTemp CAPFTemp EIRFTemp 
Coefficient1 Constant 0.58210 0.91916 0.81047 1.12764 
Coefficient2 x 0.03495 -0.01539 0.02218 -0.01864 
 Coefficient3 x2 0.00007 0.00065 0.00007 0.00057 
Coefficient4 x3 - - 0.00000 -0.00002 
Coefficient4 y -0.00001 -0.00419 - - 
Coefficient5 y2 -0.00007 0.00081 - - 
Coefficient6 xy -0.00030 -0.00105 - - 
 
 
Table 7 Performance coefficient as a function of temperature of low speed DX coil. 
Low Speed (STAGE 2) 
 
Name 
Cooling 
CAPFTemp EIRFTemp 
Coefficient1 Constant 0.55871 0.85021 
Coefficient2 x 0.03744 -0.02769 
 Coefficient3 x2 0.00000 0.00065 
Coefficient4 x3 - - 
Coefficient4 y 0.00050 0.00640 
Coefficient5 y2 -0.00008 0.00070 
Coefficient6 xy -0.00030 -0.00094 
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Table 8 Performance coefficient as a function of flow of high speed DX coil. 
High Speed (STAGE 1) 
  
 Name 
Cooling Heating 
CAPFFF EIRFFF CAPFFF EIRFFF 
Coefficient1 Constant 0.463649 0.91916 0.88192 3.22559 
Coefficient2 x 0.857419 -0.01539 0.09095 -4.26843 
 Coefficient3 x2 -0.321069 0.00065 0.02713 2.04284 
Coefficient4 x3 - - - - 
Coefficient4 y - - - - 
Coefficient5 y2 - - - - 
Coefficient6 xy - - - - 
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Chapter 6 
Model Calibration 
The model was calibrated by adjusting certain parameters, and then using the 
validation measures, Normalized Mean Bias Error (NMBE) and the Coefficient of 
Variation of the Root Mean Square Error (CVRMSE) to check whether the result is 
within acceptable range else the model is readjusted until satisfactory results are 
obtained. The accepted tolerance for hourly, monthly and yearly data calibration is based 
on generally accepted standards such as the ASHRAE Guideline 14-2002 [40], 
International Performance Measurement & Verification Protocol (IPMVP) [41]and 
Measurement and Verification for Federal Energy Projects (FEMP) [42] which are shown 
in Table 9. 
Table 9 Acceptance Tolerance for Hourly, Monthly and Yearly Data Calibration based 
on Generally Accepted Standards 
Index ASHRAE (%) IPMVP (%) FEMP (%) 
NMBE hourly ±10 - ±7 
NMBE  monthly ±5 ±20 ±5 
CV(RMSE) hour ±30 ±10 to ±20 ±15 
CV(RMSE) monthly ±15 ±1 to ± 5 ±10 
 
As a reference, the monthly NMBE can be found using the correlation 
𝐷𝐷𝐴𝐴𝑁𝑁𝐸𝐸𝑚𝑚𝑜𝑜𝑛𝑛𝑡𝑡ℎ = (𝐴𝐴−𝑆𝑆)𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ × 100       (30) 
where M is the measured electricity consumption, S the simulated electricity 
consumption and N the number of utility bills in a year. 
The monthly root mean square error is defined by 
𝐸𝐸𝐴𝐴𝑆𝑆𝐸𝐸 = �∑ (𝐴𝐴−𝑆𝑆)𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ2𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ
𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ
         (31)
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and coefficient of variation of the root mean square can be computed as 
𝐶𝐶𝑉𝑉(𝐸𝐸𝐴𝐴𝑆𝑆𝐸𝐸)𝑚𝑚𝑜𝑜𝑛𝑛𝑡𝑡ℎ = 𝐷𝐷𝐴𝐴𝑆𝑆𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ × 100       (32) 
where 𝐴𝐴 is the mean monthly bill computed as 
𝐴𝐴𝑚𝑚𝑜𝑜𝑛𝑛𝑡𝑡ℎ = ∑ 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ          (33) 
 
6.1 Calibration Process 
Simulation results for the initial model developed did not match the measured 
data of the house satisfactorily, hence series of adjustments had to be made to closely 
match these data. The modifications made to improve the model include: 
a. The materials of the building envelope, that is the exterior wall and roofing, 
HVAC system, internal load were changed 
b. The internal loads was matched to that of the houses. 
c. A fraction of outdoor air Schedule Name of 100% was created  
d. In the Packaged Rooftop Heat Pump, under Air loop HVAC Outdoor Air System, 
minimum and maximum outdoor air flow rate was set according to the 
specification by the manufacturer.  
e. A minimum and maximum temperature schedule with deadband was used all 
year. 
f. The infiltration of the house was changed to air change per hour (ACH) from the 
default flow per exterior wall. 
Sensitivity analysis for House #1 and 2 was carried out to understand the 
behaviour of the model for variations on the main variables. These variables are the 
ceiling insulation thickness (CIT), roof insulation thickness (RIT), house infiltration 
number (HIN), coefficient of performance for heating (COPH), coefficient of 
performance for cooling (COPC), heating flow rate ( FRH), fan pressure (FPR), energy 
recovery ventilator flow rare (ERVF) and attic ventilation (AVEN). Simulations were 
carried out for both houses in acceptable ranges for each of these variables as shown in 
Tables 10 and 11.  
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Table 10 Sensitive variables and their corresponding range of values for House #1 
 
 
Table 11 Sensitive variables and corresponding range of values for TxAIRE House #2 
 
An example of the results of the sensitivity are shown in Table B-2 and B-4 in 
Appendix B. From the results, the flowing set of values were found to be appropriate for 
the TxAIRE House #1 model: CIT 6.2”, HIN 1.65 ACH, COPH 7, COPC 4, FRH Auto-
sized, FPR 4.15 nH2O, ERVF 380 CFM and AVEN 362 CFM respectively. For House 
#2, the appropriate set of values were found to be: RIT 6”, HIN 2 ACH, COPH 8, COPC 
2.5, FRH Auto-sized, FPR 1.35 inH2O, ERVF 230 CFM. 
 
 
Sensitive Variables Units Range of Values
Ceiling insulation thickness, CIT inches [6.6, 6.0, 5.5, 5.0, 4.5, 4.0, 3.5]
House infiltration, HIN ACH [0.18, 0.4, 0.6, 0.8 1.0]
COP of heating, COPH [5, 5.5, 6, 6.5, 7, 7.5, 8.0]
COP cooling, COPC [3, 2.5, 2.0]
Flow rate for heating, FRH CFM [1200, 1100, 1000, 900, 800]
Fan pressure rise, FPR  inH20 [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12]
ERV flow rate, ERVF CFM [50, 100, 150, 200, 250, 300, 400, 500]
Attic ventilation flow rate, AVEN CFM [0, 100, 200, 300, 400, 500]
Sensitive Variables Units Range of Values
Roof insulation thickness, CIT inches [6.6, 6.0, 5.5, 5.0, 4.5, 4.0]
House infiltration, HIN ACH [0.08, 1, 1.5, 2.0, 12.5]
COP of heating, COPH [5, 5.5, 6, 6.5, 7, 7.5, 8.0]
COP cooling, COPC [3, 2.5, 4.0]
Flow rate for heating, FRH CFM [1000, 1100, 1200, 1300, 1400]
Fan pressure rise, FPR  inH20 [1, 1.1 .1.2, 1.3, 1.5, 2, 3, 4]
ERV flow rate, ERVF CFM [100, 200, 300, 400]
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6.2 Calibration Results 
OpenStudio provides monthly and yearly energy consumption values for models. 
To get the hourly energy use, the IDF generated is imported into the EnergyPlus and the 
timestep is changed to 1 to generate hourly data for both temperature and energy 
variables. 
Figures 26 and 27 show the calibration report for House #1 and House #2 
respectively from OpenStudio. Based on the tolerance for acceptance in Table 9, the 
models are considered calibrated. 
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 Figure 26 TxAIRE House #1 Calibration Report 
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Figure 27 TxAIRE House #2 Calibration Report 
6.2.1 Temperature Comparison 
As an additional approach, to assess the quality of the model, some comparisons 
are made based on the data recorded at the houses. Figure 28 compares the measured attic 
temperature of House #1 to the simulated model. Figure 29 and 30 shows the measured 
temperature of the house and that of the model respectively. The simulation results for 
temperature matches closely with the recorded attic and house temperature of the houses. 
 
Figure 28 Measured and simulated Attic Temperature of House #1 
The gaps in the figures were due to the fact that there were no data available at the house 
for certain days of the months hence simulation results deleted accordingly. 
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 Figure 29 Simulated Living Room Temperature of House #1 
 
 
Figure 30 Measured Living Room Temperature of House #1 
 
Figure 31 and 32 shows the measured temperature of House #2 and that of the calibrated 
model respectively. This implies that thermostat set-point for heating and cooling were 
met for most hours by the model. 
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 Figure 31 Measured and Simulated Living Room Temperature of House #2 
 
Figure 32Measured and simulated Attic Temperature of House #2 
 
6.2.2 Energy comparison with actual data 
Results obtained from the calibrated model were compared to the measured data 
of the house. The key determinants are total energy consumption, outdoor unit (ODU), air 
handler unit (AHU), HVAC and internal load (plug-ins).  It can be seen that for all the 
figures, the models followed the measured data but for some months there was more 
energy consumption and that can be due to academic activities that cannot be accounted 
for. 
Figures 33 to 37 compares the actual energy consumption of the ODU, AHU, 
HVAC and internal load for House #1 to the results of the calibrated model. 
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Figure 33Plot of House #1 measured and simulated ODU electricity consumption 
 
Figure 33 shows the calibrated model matched the electricity used by the house during 
winter but was off during summer 
 
Figure 34 Plot of House #1 measured and simulated AHU electricity consumption 
 
From Figure 34, the fan electricity use of the calibrated model matched the electricity 
used by the house except for irregularities in the data recorded during some days in 
March, 2014 (between hour numbers 1500 and 1700). 
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Figure 35 Plot of House #1 measured and simulated HVAC electricity consumption 
 
 
Figure 36 Plot of House #1 measured and simulated plugins electricity consumption 
 
Figure 37 Plot of Total electricity consumption of measured and simulated for House #1 
Similarly, Figures 38 to 42 compares the actual energy consumption of the ODU, AHU, 
HVAC, internal load and total energy consumption for House #2 to the results of the 
calibrated model. 
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 Figure 38 Plot of ODU electricity consumption of measured and simulated for House #2 
 
 
Figure 39 Plot of AHU electricity consumption of measured and simulated for House #2 
 
Figure 40 Plot of HVAC electricity consumption of measured and simulated for House #2 
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Figure 41 Plot of Plugin electricity consumption of measured and simulated for House #2 
 
 
Figure 42 Plot of Total electricity consumption of measured and simulated for House #2 
 
6.3 Influence of Weather Files on Model Calibration 
For comparison purposes and in order to determine the effect of the quality of 
weather file on calibration processes, this section presents results based on three different 
weather files. The first weather file was used to calibrate the model which was discussed 
in Section 4.2 The second weather file  was bought from Weather Analytics and final 
weather from was obtained from the EnergyPlus website. Comparisons of the total 
monthly energy use by the house and computed quality parameters were then drawn as 
shown in Table 13 and 14 below. 
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Table 12 Monthly Energy Consumption for Weather different Types 
Type Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 
TxAIRE 594.9 489.3 496.2 310.2 267.5 226.8 215.0 186.7 230.2 320.9 523.7 577.7 4439.1 
W.A  612.7 490.7 477.2 304.6 253.0 206.3 189.0 164.5 179.5 259.1 478.5 541.7 4156.8 
 TMY 537.8 425.2 440.7 315.6 254.6 214.6 180.6 175.5 200.3 280.3 444.8 519.9 3990.0 
 
 
Table 13 Monthly Difference in the Weather Types 
Type Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
W.A 4.5% 0.2% -2.4% 
-
0.9% 
-
3.2% 0.8% 1.0% 7.5% 7.0% 
-
10.2% -4.8% 
-
4.2% 
 
TMY 
-
8.1% 
-
12.3% 
-
13.5% 6.4% 4.5% 
-
3.7% 16.5% 
-
6.5% 44.9% -1.5% -14.4% 3.0% 
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Chapter 7 
Conclusions and Recommendations 
7.1 Conclusions 
A calibrated model of the TxAIRE Houses #1 and #2 have been developed using 
the OpenStudio software that can be used to predict the energy consumption of the 
houses.  
An actual meteorological year (AMY) weather file was also created for the houses 
using 2 methodologies. It was found out that this weather file is more accurate that the 
weather file acquired from Weather Analytics and from EnergyPlus website. 
Results of calibration for House #1 obtained were NMBE of -0.14 and CVRMSE 
of 23.51. For House #2, an NMBE of 0.79 and CVRMSE of 7.59 were obtained.  Based 
on generally accepted standards, both calibrated models met the accepted tolerance for 
data calibration. 
7.2 Recommendations 
In this thesis, economic analysis was not considered to emphasize the importance of 
calibrated models which should be incorporated in further studies. A photo-voltaic system 
can be employed as an energy source to demonstrate net-zero energy performance of the 
TxAIRE Houses. Other building energy simulation programs that will properly account for 
an unoccupied building should be used. 
The limitations of research include access to accurately measured data and the 
constant update of the OpenStudio software being used for simulations. 
However, the experience, exposure and knowledge acquired during the research were intense. 
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Appendix A-1: Performance Data of TxAIRE House Heat Pumps and ERV  
 
Figure 43 Performance Data of the House #1 Heat Pump 
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Appendix A-1: Continued 
 
Figure 44 Performance Data of the House #1 Heat Pump 
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Appendix A-1: Continued 
 
Figure 45 Performance Data of the House #1 Heat Pump 
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Appendix A-2:  Performance Data for House #2 Heat Pump
 
Figure 46 Air Flow Performance for TxAIRE House #2 
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Appendix A-2:  Continued
 
Figure 47 Energy Recovery Ventilator Product Data
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Appendix B: Sensitivity Analysis Data 
Table B-1Variables for Sensitivity Analysis for House #1 
Cases CIT HIN COPH COPC FRH FPR ERVF AVEN 
1 6.6 0.18 5 3 1200 2 50 0 
2 6.6 1 5 3 1200 2 50 0 
3 6.6 0.18 8 3 1200 2 50 0 
4 6.6 0.18 5 2.5 1200 2 50 0 
5 6.6 0.18 5 3 1200 2 50 300 
 
 
Table B-2 Monthly House Energy Consumption of House #1 
Cases Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1 594.9 489.3 496.2 310.2 267.5 226.8 215.0 186.7 230.2 320.9 523.7 577.7 
2 868.4 683.1 677.1 388.5 293.8 227.7 237.5 215.5 225.1 361.1 702.4 775.2 
3 484.9 394.9 415.9 270.1 248.1 223.1 209.2 183.8 212.7 280.5 428.4 466.7 
4 570.1 467.4 473.2 290.4 248.2 208.8 195.5 166.2 209.2 297.6 498.5 551.7 
5 596.8 490.6 498.1 312.7 269.6 227.4 215.6 187.1 230.1 321.3 524.4 577.9 
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Table B-3 Variables for Sensitivity Analysis for House #2 
Cases RIT HIN COPH COPC FRH FPR ERVF 
1 6.6 1 6 3 1000 1 100 
2 6.6 2.5 6 3 1000 1 100 
3 6.6 2 8 3 1200 1.1 300 
4 6.6 2 7 2.5 1000 1.5 100 
 
 
 
Table B-4 Monthly House Energy Consumption of House #2 
Cases Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1 753.6 629.4 584.9 385.6 307.5 251.7 308.4 336.0 1059.5 865.1 659.2 701.6 
2 1012.4 788.28 753.3 492.6 361.5 359.8 507.2 581.2 1207.1 960.3 865.8 934.7 
3 802.3 645.18 606.1 407.1 320.8 331.3 456.6 522.0 1169.2 905.5 694.4 738.8 
4 881.8 707.44 659.7 434.1 330.7 335.0 471.8 541.0 1189.0 919.3 757.5 810.3 
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Appendix C: Building Components and their associated R-Values 
Table C-14 Exterior Wall of TxAIRE House #1 with their associated R-Values 
Value R-Value  (m^2K/W)
thickness (m) 0.0762
conductivity (kg/m^3) 0.895
Roughness medium
density 1922.215
specific heat 790
thikness 0.01061
conductivity 0.12
resistance  m^2K/W 0.079375
density (kg/m^3) 540
specific heat ( J/kgK) 1210 J
Roughness medium
thickness (m) 0.0337
conductivity (kg/m^3) 0.0432
density (kg/m^3) 91
specific heat ( J/kgK) 837
thermal absoorptance 0.9
solar absorptance 0.5
resistance (F.ft.hr/BTU) 15
Roughness smooth
thickness (m) 0.0127
conductivity (kg/m^3) 0.16
density (kg/m^3) 784.9
specific heat ( J/kgK) 830
thermal absoorptance 0.9
solar absorptance 0.4
visible absorptance 0.4
0.25Construction
Wall (Blown) Insulation (R-15) 2.64
Exterior Wall
Sheetrock (Gypsum) 0.08
Ext Sheating ( Ply wood) 0.09
Masonry(Brick fired clay) 0.09
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Table C-2 Window of TxAIRE House #1 with their associated R-Values 
 
Table C-3 Roof of TxAIRE House #1 with their associated R-Values 
 
 
 
R-value  (m^2K/W)
Material Properties Value
thickness (m) 0.00
solar transmittance 0.84
F.S solar reflectance 0.08
visible transmittance 0.90
F.S visible reflectance 0.08
conductivity 0.90
U-Factor 0.55
0.0033
Window
Glazing
1.82
Construction
Material Properties Value R-value (m^2K/W)
Roughness smooth
thickness  (m) 0.01
conductivity (W/mK) 0.06
density (kg/m^3) 290.00
specific heat  (J/kgK) 1300.00
Roughness very rough
thickness 0.01
conductivity (W/mK) 0.16
density (kg/m^3) 1121.29
specific heat (J/kgK) 1460.00
Roughness
thickness  (m) 1.22
conductivity (W/mK)
density (kg/m^3)
specific heat (J/kgK)
thermal absoorptance
solar absorptance
conductivity (W/mK) 13.00
thickness  (m) 0.01
conductivity (W/mK) 0.12
resistance(m^2K/W) 0.08
density (kg/m^3) 540.00
specific heat (J/kgK) 1210.00
0.19Construction
Roof deck (membrane)
Insulation (R-13)
Ply wood
Roof
Shingles
2.29
0.09
0.06
0.10
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Table C-4 Ceiling of TxAIRE House #1 with their associated R-Values 
 
 
 
 
 
 
 
 
 
 
Material Properties Value R-value  (m^2K/W)
thickness  (m) 0.01
conductivity(W/mK) 0.12
resistance (m^2K/W) 0.08
density (kg/m^3) 540.00
specific heat  (J/kgK) 1210.00
Roughness smooth
thickness  (m) 0.01
conductivity (W/mK) 0.16
density (kg/m^3) 784.90
specific heat  (J/kgK) 830.00
thermal absoorptance 0.90
solar absorptance 0.40
visible absorptance 0.40
Roughness medium
thickness  (m) 0.08
conductivity(W/mK) 0.01
density (kg/m^3) 91.00
resistance (F.ft.hr/BTU) 38.00
6.86
Sheetrock (Gypsum)
Insulation (R-38)
Ply wood
6.70
Construction
Ceiling
0.09
0.08
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Table C-5 Exterior Wall of TxAIRE House #2 with their associated R-Values 
 
 
 
 
Value R-Value  (m^2K/W)
thickness (m) 0.0762
conductivity (kg/m^3) 0.895
Roughness medium
density 1922.215
specific heat 790
thikness 0.01061
conductivity 0.12
resistance  m^2K/W 0.079375
density (kg/m^3) 540
specific heat ( J/kgK) 1210 J
Roughness medium
thickness (m) 0.0337
conductivity (kg/m^3) 0.0432
density (kg/m^3) 91
specific heat ( J/kgK) 837
thermal absoorptance 0.9
solar absorptance 0.5
resistance (F.ft.hr/BTU) 15
Roughness smooth
thickness (m) 0.0127
conductivity (kg/m^3) 0.16
density (kg/m^3) 784.9
specific heat ( J/kgK) 830
thermal absoorptance 0.9
solar absorptance 0.4
visible absorptance 0.4
0.25Construction
Wall (Blown) Insulation (R-15) 2.64
Exterior Wall
Sheetrock (Gypsum) 0.08
Ext Sheating ( Ply wood) 0.09
Masonry(Brick fired clay) 0.09
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Table C-6 Window of TxAIRE House #2 with their associated R-Values 
 
 
Table C-7 Roof of TxAIRE House #2 with their associated R-Values 
 
R-Value (m^2K/W)
thickness (m) 0.003
solar transmittance 0.837
F.S solar reflectance 0.075
visible transmittance 0.898
F.S visible reflectance 0.081
conductivity 0.9
U-Factor 0.3
0.003
Window
Vinyl Windows 3.33
Construction
Value R-Value (m^2K/W)
Roughness smooth
thickness (m) 0.00635
conductivity (kg/m^3) 0.063
density (kg/m^3) 290
specific heat ( J/kgK) 1300
Roughness very rough
thickness 0.0095
conductivity (kg/m^3) 0.16
density (kg/m^3) 1121.29
specific heat 1460
thickness (m) 0.01061
conductivity 0.12
resistance 0.079375 m^2K/W
density (kg/m^3) 540 kg/m^3
specific heat ( J/kgK) 1210 J/kgK
Roughness
thickness (m) 1.2192
conductivity (kg/m^3) 0.0554
density (kg/m^3)
specific heat ( J/kgK)
thermal absoorptance
solar absorptance
resistance (F.ft.hr/BTU) 22
0.19
Reflection Shingles 0.10
0.09
Insulation (R-22) 3.88
Ply wood
Roof
Construction
Roof deck (membrance) 0.06
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Table C-8 Ceiling of TxAIRE House #2 with their associated R-Values 
 
Value R-Value (m^2K/W)
thickness (m) 0.01061
conductivity (kg/m^3) 0.12
resistance ( m^2K/W) 0.079375
density (kg/m^3) 540 k
specific heat ( J/kgK) 1210
Roughness smooth
thickness (m) 0.0127
conductivity (kg/m^3) 0.16
density (kg/m^3) 784.9
specific heat ( J/kgK) 830
thermal absoorptance 0.9
solar absorptance 0.4
visible absorptance 0.4
0.17
Ply wood
Construction
Sheetrock (Gypsum)
Ceiling
0.09
0.08
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